We report on heteroepitaxial fabrication and structural characterizations of ultrafine GaN/ZnO coaxial nanorod heterostructures. The coaxial nanorod heterostructures were fabricated by epitaxial growth of a GaN layer on ultrafine ZnO nanorods. Epitaxial growth and precise control of GaN overlayer thickness were obtained by low pressure metalorganic vapor-phase epitaxy. ZnO nanorods grown on Si and sapphire substrates using catalyst-free metalorganic chemical vapor deposition exhibited diameters as small as 7 nm. Furthermore, structural properties of the coaxial nanorod heterostructures were investigated using both synchrotron-radiation x-ray diffraction and high resolution transmission electron microscopy.
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Composition-modulated semiconductor nanorod heterostructures greatly increase the versatility and power of nanometer-scale electronics and optoelectronic building blocks.
1-3 Recent fabrication of semiconductor coaxial nanorod heterostructures showing composition modulation along the nanorod radial direction is of particular high interest. 4 -7 Although coaxial structures exhibiting a thick diameter of 20-100 nm have previously been applied to nano-scale high electron mobility transistors ͑HEMTs͒, 5 the device performance may be enhanced by using ultrafine coaxial heterostructures due to one-dimensional ͑1D͒ quantum confinement effects in core nanorods. Additionally, a well-defined, clean interface in the heterostructures is very important for excellent device performance and reliability since defects at the interface deteriorate device characteristics. For 1D coaxial heterostructures, in particular, the effect of interfacial defects on material properties becomes more significant due to their high interface to volume ratio. Nevertheless, interfacial defects in 1D nanorod heterostructures have rarely been investigated to date. Here we report on the synthesis of ultrafine GaN/ZnO coaxial nanorod heterostructures by heteroepitaxy and their structural defect characterizations.
GaN/ZnO coaxial nanorod heterostructures were fabricated on Al 2 O 3 and Si substrates using catalyst-free metalorganic vapor phase epitaxy ͑MOVPE͒. ZnO nanorods were prepared as a core nanomaterial using diethylzinc and oxygen as the reactants. 4, 8 After the ZnO nanorod preparation, GaN layers were epitaxially grown on the ZnO nanorods using trimethyl-Ga ͑TMGa͒ and ammonia in another MOVPE chamber. Typical flow rates of TMGa and ammonia were 3.0 and 500-1000 sccm, respectively. Growth temperature was in the range of 400-700°C. The mean diameters of GaN/ZnO coaxial nanorod heterostructures were about 14, 20, and 32 nm for 1, 5, and 10 min growth, respectively. Since the mean diameter of ultrafine ZnO core nanorods is 7-8 nm, the GaN layer thickness is 2-3 and 5-7 nm for 1 and 5 min growth, respectively, as also confirmed using high resolution transmission electron microscopy ͑HRTEM͒.
4,9
Synchrotron radiation x-ray diffraction ͑SR-XRD͒ was employed for the structural characterization of coaxial nanorod heterostructures. The SR-XRD measurements of GaN/ ZnO nanorod heterostructures were performed at the 1.54019 Å wavelength using a four-circle diffractometer of the 3C2 SR-XRD beam line at the Pohang Accelerator Laboratory ͑PAL͒. APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 18nanorod heterostructures investigated using field-emission scanning electron microscopy ͑FESEM͒. Although the vertical alignment of coaxial nanorod heterostructures was not as good as that of thick ZnO nanorods, the nanorod density was 1.6ϫ10 10 /cm 2 . Further structural characterization of GaN/ ZnO coaxial nanorod heterostructures was investigated using TEM. As shown in the inset, the low magnification TEM image shows that the GaN layer extends all along the ZnO nanorod with different brightness at the core and shell layers, indicating that the GaN layers were uniformly coated on ZnO core nanorods. The coating was robust and GaN layers were not easily peeled off from the ZnO core nanorods. As indicated by the arrow in the inset, however, some TEM images show GaN/ZnO coaxial nanorod heterostructure and GaN nanotubes formed during fabrication of the nanorod heterostructures or removal of GaN/ZnO coaxial nanorod heterostructures from the substrate. 7 Figure 2 shows SR-XRD results of GaN/ZnO ultrafine nanorod heterostructures with various GaN thicknesses of 0, 2, 5, and 12 nm. The diameters of the core ZnO nanorods were in the range of 6 -10 nm. As shown in Fig. 2 , homogeneous core ZnO nanorods showed a dominant diffraction peak centered at 34.42°corresponding to the ZnO͑0002͒ plane. However, SR-XRD data of the GaN/ZnO coaxial nanorod heterostructures exhibited a slight increase in peak position from 34.42°to 34.69°depending on the GaN layer thickness coated on ZnO nanorods. For GaN/ZnO coaxial nanorod heterostructures with GaN layer thicknesses of 2-3 and 5-7 nm, SR-XRD peaks were observed at 34.46°and 34.5°, respectively. Moreover, the full width at half maximum ͑FWHM͒ value in XRD rocking curve data increased with the GaN layer thickness.
The peak position and FWHM depending on the GaN layer thickness presumably results from lattice distortion along the c axis of GaN due to biaxial in-plane strain. For nanorod heterostructures with a thicker GaN layer, more strain is induced, hence increasing both XRD peak shift and FWHM values. Since the a-and c-axis lattice constants are 3.186 and 5.178 Å for GaN and 3.249 and 5.205 Å for ZnO, respectively, epitaxial GaN layers and ZnO nanorods in the heterostructures must have tensile and compressive strain, respectively. 10 Since the thickness of GaN is relatively thinner than the diameter of ZnO core nanorods, SR-XRD data show the dominant peak from ZnO with a slight peak shift due to the compressive strain. As shown in Fig. 2 , the peak shift increases with increasing GaN thickness. For SR-XRD data of the nanorod heterostructures with a GaN layer thickness of 12 nm, however, a shoulder at 34.42°, in addition to the dominant peak at 34.69°, is also shown. Lattice constants calculated from XRD peaks are 5.205 Å for ZnO and 5.178 Å for GaN, which are in excellent agreement with the bulk values. 10 This separation in the XRD peak for nanorod heterostructures with a thicker GaN layer is presumably due to strain release. With the continuous growth of GaN on the ZnO nanorod core, GaN layers readjust to bulk GaN parameters and induced lattice dislocations ͑semicoherency͒ at the interface. This may allow the relief of some of the accumulated strain.
Further structural characterization of GaN/ZnO coaxial nanorod heterostructures was investigated using HRTEM. As shown in Fig. 3͑a͒ , the HRTEM image of a GaN/ZnO coaxial nanorod heterostructure shows an abrupt and semicoherent interface between ZnO and GaN layers, verifying that the GaN layers are epitaxially grown on ZnO nanorods. The inset shows an electron diffraction pattern of a GaN/ZnO coaxial nanorod heterostructure obtained by fast Fourier transform ͑FFT͒. The pattern can be indexed as a ͓100͔ zone axis hexagonal wurtzite GaN and ZnO, where two diffraction spots labeled in the inset correspond to planes ͑0002͒ and (0110). Two peaks corresponding to the (0110) reflections of ZnO and GaN are distinguished due to the slight difference in lattice constants along the radial direction, indicating radial relaxation of GaN, while the peak splitting of ͑0002͒ reflection along the growth direction is not observed, indicating existence of strain from epitaxial growth.
In general, the strain between heteroepitaxial layers induces formation of defects such as misfit dislocations and stacking faults to release the strain. The SR-XRD results show the presence of strain in the nanorod heterostructures.
Hence we further investigate defects near the interface between ZnO and GaN layers using HRTEM. Despite the observation of the abrupt interface, close examination of the GaN and ZnO lattice fringes reveals the presence of edge dislocations as indicated by the arrows in Fig. 3͑a͒ . This is shown clearly in the inverse-FFT image in Fig. 3͑b͒ , which indicates the formation of the edge dislocation with a Burgers vector in the nanorod growth direction ͓001͔. This type of edge dislocation is rarely observed in pure ZnO nanorods, but the occurrence is increased in GaN/ZnO coaxial nanorod heterostructures, probably due to the lattice mismatch between both structures or the inherent nature of GaN nanomaterial.
Planar stacking faults are also often observed in coaxial structures. Figures 4͑a͒ and 4͑b͒ show the image and its diffractogram. The diffractogram obtained from the small white square shows streaks along the ͓001͔, indicating the existence of stacking faults. The density of these defects, which has not been observed in pure ZnO nanorods, is about a few tens per micrometer. These results indicate that GaN was epitaxially grown on ZnO nanorods, which presumably results from the little lattice mismatch between GaN and ZnO.
In conclusion, ultrafine GaN/ZnO coaxial nanorod heterostructures were fabricated by heteroepitaxial growth of GaN on ZnO nanorods. The fabrication of ultrafine coaxial nanorod heterostructures opens up significant opportunities for the fabrication of 1D quantum structure devices including HEMTs. Furthermore, the structural and defect characterization methods used in nanorod heterostructures may readily be expanded to characterize structural defects in many other heteroepitaxial nanomaterials. 
